
m

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICALNOTE 3592

AN OILSTREAM PHOTOMIC ROGRAPHIC AEROSCOPE FOR

OBTAINING CLOUD LIQUID-WATER CONTENT AND

DROPLET SIZE DISTRIBUTIONS IN FLIGHT

By Paul T. Hacker

Letis FlightPropulsionLaboratory
Cleveland,Ohio

Washington

J~WY 1956

—.

. ..-. —- ..-. — . --. —... . . . . . . --. ..——._— . . .. . . ...=... -.



L

m!m.oI’wLADVISORYCOMM13TEE
iiiiiiiFii

FORAERoNAumcs 00bb51q

TECHNICALNOTII3592

AN OIL-STREAMPHO’lX)MCCRO(IMPECC AEROSCOI?EFOROIWQNIXJG CUXJIILIQJID-

WATERCONTENTANDDROPLETSIZEDISTKIBIJTIONSINFLIGHT

ByPaulT.Hacker

suMM&RY

An airbornecloudaeroscopebywhichdropletsize,sizedistribut-
ion, andliquid-watercontentofcloudscanbe determinedhasbeende-
velopedandtestealinflightandinwindtunnelswithwatersprays.In
thisaeroscopetheclouddropletsarecontinuouslycapturedina stream
ofoil,whichis thenphotographedby a photomicrographl.ccsmera.The
dropletsizeandsizedistributioncanbe deterudneddirectlyfromthe
photographs. Withthedropletsizedistributionknown,theM quid-water
contentofthecloud.canbe computedfromthegeometryoftheaermcope,
theairspeed,andtheoil-flowrate.

Theaeroscopehasthefollowingfeatms: Dataareobtainedsenri.-
automatically,andpemanentdataaretakenintheformofphotographs.
A singlepictureusuallycontainsa sufficientnumberof dropletstoes-
tabllshthedropletsizedistribution.Cloud”droplets~ continuously
capturedinthestream~f oil,butpicturesaretakenatintervals.The
aerosco~canbe operatedinicingandnonicingconditions.Becauseof
mixingofoilintheinstrument,thedroplet-distributionpatternsand
liquid-watercontentvaluesfroma singlepictureareexponentially
weightedaveragevaluesovera pathlengthofabout3/4mileat150miles
perhour.

Theliquid-watercontents, volume-mediandiameters,anddistribution
patternsobtainedontestflightsandintheLewisicingtunnel=e simi-
lartopreciouslypublisheddata.

‘ INTRODUCTION

Thedeterminationofliquid-watercontentanddropletsizedistribut-
ion ofnaturalandartificialcloudshasreceivedconsiderableattention
inrecentye=s in connectionwithcloud-physicsstudiesand,inparticu-
lar,withaircrafticingstudies.A knowledgeoftheliquid-watercontent
anddropletsizedistributionin cloudsis offundamentalimportancein
evaluatingaircraftoperationproblemssuchas rateandarea& iceforma-
tiononvariousaircraftcomponents,rateandareaoferosionbycloud
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dropletsofV-OUS *rcrsXtsurfacessuchasradomes,reductionof .
pilotfsvisibility,andattenuationofr-. A knowledge.ofl.iquid-
watercontentanddropletsizedistributionisalsoofimportanceines-
tablisldngthebasicmechanismsofcloudformationandpecipita.tion.

Numerousmethodsandtechniquesfordeterminingliquid-watercontent
ordropletsizeorbothhavebeenproposedin recentyeax~(refs.1 to
M), buteachmethodsuffersfromoneormorelimitations,which,in some
cases,becomeseverewhenmeasurementsareattemptedfromanairplane.
T@ threemostcommontechniquesthathavebeenusedarerotatingmulti- $
cyllnders,cloudcsmeras,andoil-coveredslides. z

Therot~ting-multicylindertechniqueforsupercooledclouds(refs.
19to 23)hasprovideddatathathavebeenvaluablein designingice-
protectionsystemsforairplanes,buttherearelimitationstothetech-
niqueforaircrafticingstudiesandforcloud-physicsstudiesin general.
Themethodisbasedupontheimpingementofdropletsoncylinderswhere
theairflowpastthecylindersisideal.nonviscousZaminarflow,which
isnotthecaseinpractice(ref.24). Also,themethodisapplicable
Mly in cloudswherethetemperatureisbelow0°C;however,attempera-
turesslightlybelowfreezingtheremaybe considerableerrorin liquid- q
watercontentanddropletsizemeasurementsdueto lossofwaterby run-
offbeforefreezingoccurs(ref.25). Themethoddoesnotlenditself ,>
toautomaticrecording~f data,anddropletsizedistributionsobtained

.,

areonlyapprodmations.

Theuseofcamerasto directlyphotographdropletsina cloudis
basicallya fundamentalandsoundtechnique,butthre arepracticaldif-
ficulties.Eecauseofthehighmagnificationrequired,thevolumeof
fieldphotographedisextremelysmall.A9 a result,a l~ge numberof
photographsarerequiredto establishthedropletsizedistributionand
13quid-watercontent,becausetheaveragenumberofdropletsperpicture
isusuallylessthan1 forcloudsofmoderateliquid-watercontents.
Furthermore,sincethemagnificationrequiredisM@, itis difficult
to desigua camerasot-t theobject@ane is outsidetheundisturbed
sdrstreamaboutan airplane.

Theoiled-slidetechniquewherea glassslidecoveredwitha stit-
ablsoilisexposedto antirstreamcarryingclouddropletsandisthen
photographed,througha microscopehasbeenfrequentlyusedtodetermine
dropletsizedistributions.Althoughthismethodyieldsgoodphotographs
witha lsrgenumberofdropletsperpicturefromwhichdropletsizescan
be measured,therearesomepracticallimitationsthataredifficultto
overcome.Thedropletsizedistributiondeterminedfromthephotographs
mustbe correctedforvariationsincollectionefficienciesoftheslide
fortiopletsofvarioussizesin orderto obtainthetruedropletsize

o

distributionofa cloud.Thecollectionefficienciesgenerallyusedfor
thiscorrectionarebaseduponthoseofa ribbonin idealtwo-dhensional .
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flow,whichis
ratetheslMe

3

notthecaseinactualpractice.Inordernotto satu-
withdroplets,theoiledslidecannotbe exposedformore

thana fractionofa second.Thisrequiresthattheslidebemoved
rapidlyorthata protectivecoveringbe openedsndclosedrapidly.
Thismotiondisturbstheair-flowfieldinthevicini~oftheslide;
therefore,thecollectionefficienciesoftheslidearenotthesameas
fora ribboninideal.flow.TM.stechniquedoesnotlenditselftoau-
tmaticoperationeither.

SinceallthemethodsproposedandtestedhaveWnitationswhen
usedinanairplane,a directmethodthateklmdnatesorsubstantially
reducestheseImitationsisneeded.As a resultofthisneed,theoil-
streamphotomicrographicaeroscopehasbeendevelopedandtestedatthe
~~ biiS laboratory.A descriptionofthisaeroscopeispresated
hereinalongwithsomeclouddRtaobtained.
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SYMBOIS

Thefollowingsymbolsareusedinthisreport.Anyconsistentset
dimensionsormixeddimensionswithnumericalconversionfactorscsn
usedinthesolutionofequationspresentedherein.

areaofpickuphole

numberofdropletsperunitvolume

dropletdiameter

volumeflowrateofoil

ssmplepathlength

massd individualdroplet

numberofdropletsofuniformsize

nmiberofdropletsofuniformsize
time

ofoil.

perpicture

enteringpickupholeperunit

fractionoftotalnuniberofdropletsinpicture

time

airspeed
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.cloudVOhDE

InixLngvolume

volumeof oilphotographed

criticalvelocity

totalmassofwaterperpicturefornonuniformdropletdistribution $
L

liquid-watercontentof cloudinmassperuuitvolume

densityofwater

PRJ.XCI??LEOF OPERMLTONOFAEROSCOHI

~sically,themroscopecontinuouslycapturesclouddropletsina
streamofoilthatis causedtomovethrougha thinchannelwherephoto-

.

micrographsoftheoilandwaterdro@etssretaken.Thedropletsize
anddistributionaredetermhedby measuringtheimageaonthephotograph.
Afterthedropletdistributionisknown,theliquid-watercontentofthe
cloudis calculatedfromthegeometry~ftheinstrumenttheairspeed,and
theoil-flowrate.

Theprincipleofoperationcanbestbe describedby referenceto a
schematicdiagram(fig.1). Theaeroscopeis composedoffivemainparts:
droplet-pickupprobe,circulatingpumpsfm oilandair,transparentplas-
ticphotographiccell,lightsouxce,anda photoudcrogxap~cCSIIEra,

Thedroplet-piclnqprQbeConsistsofa Small-dismetertUlewitha
smallhole,whichfacesupstreamtotheairflowcarryingthedroplets.
Oilisforcedby a pmp throughthepickupprobein thedizwctionindi-
catedin thesketch.Oiliapreventedfromflowingoutoftheholeby
msan$oftheairpump.As theoilpassesthesmalltile,anywaterdrap-
letsthatentersretrapwdintheoil. Theoilcontainingthedroplets
thenflowsthroughth transparentplasticcellwherethedropletsme
photo~phedwitha photomicrographicc@nera.Thechannelthroughthe
plasticcellnarrowatthepointwherethe picturessretakensothat
allthedropletsme apprmimatel.yin theobject@ane ofthecamera.
Afterleavingtheplasticcelltheoilpas~s througha filterandtrap
wherethewaterdropletsareremoved.Theoilisthenrecirculated.

Thetirpumppreventsoilfromescapingby reducingthepressurein
thesmallchamberatthetopoftheplasticcellwithrespecttothepres-
sureatthepickuphole. Thispressuredifferencecauesdr toenterthe ~

—
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pickupholeandthuspreventsoilfromescaping.Theairflowintothe
oilstreamalsoSMS thewaterdropletsin entering.Thesirisentrained
intheoilintheformoflargebubbles,whichme separatedfromtheoil
andwaterdropletsin thefunnel-shapedchamberatthetopoftheplastic
cell.Theairbubblesrisetothefreeoilsurfacewheretheyburst.
Underconditionswherethepickupprotiis e~osedtoa metingairstream,
thedynaurLcpressureatthepickuptileis usuallylargeenoughtodrive
airintotheoilstreamiftheplasticcellisventedto staticpressm.
However,withmoderateairspeedsthepressuredifferenceis solargethat
toomuchairentersthesystem.Thiscauses‘violentturbulenceinthe
air-~eparatorchamberintheplasticcelLwithsomeairbubblescontinu-
ingthroughthephotographicsection.Theairpumpis thereforeemployed
to actasa meteringdevicethatallowsjustenoughairtoenterthepick-
upholetopreventoilfromescaping. “

EASICTHEORYFORD~ G IIROPIFTSIZE,CLOUD-SAMPLE d

VOLUME,MIDLIQjJID-lM!133RCONITl!?T

In ordertodevelopthebasictheoryfordeterminingdropletsize,
sizedistribution,andliquid-watercontentofa cloud,thefollowing
assumptionsaremade:

(1)Alldropletsinthevolumesweptoutby thepojectedareaof
theholeinthepickupprobeenterthehokj that is,thecollectionef-
ficiencyoftheholeis 100percent.

(2)Dropletsdonotbreakwhenthey~ze thee@ ofthehole,en-
tertheoil,or striketherearsurfaceontheinsideoftheprobe.

(3)Dropletsdonotcoalescewhenentrainedin oil.

(4)Dro@etsdonotchangesizeby diffusionorevaporationafter
theyareentrainedintheoil.

(5)Dropletsmaintaintheirrelativepositionswhilethey= being
entra&edin-theoilandbeingtransported-
plasticcell.

Thevalidityoftheseassumptionsand
uatedin a latersection.

DropletSize

Thedeterminationofthedropletsize

to thephotographicregionin’

otherpossibleerrorsareeval-

andsizedistributionis a
strd.ghtforwardprocedure.Thedroplet-imagediametersare~asuredon
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thenegativeorenlargementwitha suitablescale.Theimagesizeis
dividedby theover-allmagnificationto givetheactualdropletsize.
Thefrequencyofoccurrenceofdropletsofa givensizeorsizerangecan
be tabulated,andothercomputationscanbe madefromthetabulation.

ture
This

mOUa-_3.eVOMIIK

Underassumption(5)theitropletdistributionobtainedfroma pic-
representsthedroplet.distributionin a givensmallvolumeofcloud. 3
cloudvolumeVc isrelatedtothevolu occupiedby thedroplets bM

in thephoto~aphiccell Vp wherethepictuieistskenby

AW
v==+ (1)

ThequantityAU/F canbe lookeduponasa concentrationfactor.Itis
equaltotheratioofthevolumeoccupiedby a giv’ennumberofdrqlets
in airtothevolumeoccupiedby thesamedropletsin oil Vc/Vp. .

.
Becauseofmixingintheair-sepsratorchsmberandotherfactors,the

dropletsizedistributionandliquid-watercontentderivedfroma given :
picturerepresentaveragevaluesfora muchlargervolumeofcloudthan
thatgivenby equation(1). Theeffectofmixingandotherfactorson
thesamplevolumeis discussedin a latersection.

IJquLd-Wa%rContent

Ifa cloudis composedofdropletsofuniformsize,thenumberof
dropletsthatenterthepickupholeperunittimeis givenby

n = ~ [AU) (2)

Dividingequation(2)by theoilvolumeflowrate F givesthenumberof
dropletsperunitvolumeofoil C:

w AUc ;=;~=- (3)

Thenuder ofdropletsperpictureisobttinedbymultiplyingequa-
tion(3)by thevolume@ oilphotographed(focalvolumeofcamera).The
resultis

(4) ,,,
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Solvingequation(4)fortheliquid-watercontentw gives

w=—AUVP (5)

Inequation(5)theproductIimis thetotalmassofwaterrepre-
sentedby thepicture.Forcloudswitha nonuniformdropletsizedistri-
bution,thetotalMSS ofwaterina pictureWp is givenby

w =*7KN
P x%< (6)

Substitutionofequation(6)intoequation(5)fa llmgives

whichis theliquid-watercontentfora cloud
sizedistribution.

DE3CKETIOIVOFTESTMODELOF

(7)

witha nonuniformdroplet

AEROSCOEE

A cloudaeroscopebasedupontheoperatingprinciplesandtheoryout-
linedintheprecedingsectionswasconstructedandtestedin a two-engine
transporttircrsftandinwindtunnelswithwaterspraysattheIWCALewis
laboratory. Photographsoftheinstrumentinstalledontheairplaneare
presentedinfigures2 and3. R@ure 2 showst@ mainpartoftheinstru-
ment,whichislocatedinsidethecabin.Rlgure3 showsthepickupprobe
mountedona streamlinedstrutontheoutsideQfthefuselage.Themount-
ingstrutis slightlyoffcenterontopofthefuselageandapproMmately
10feetbehindthewindshield.

PickupProbe

A highcollectionefficiencyofthepickupholerequiresthatthe
probesizebe small.Oneprobeconsistsofa pieceofl/8-inch-outside-
diametertubingwithl/32-inchwall,whichisbentintheformofa “U.”
!Ihepickupholeis 0.040inchin diameterandis locatedanthe,outside
ofoneofthelegsofthe“U”aboutmidwaybetweentopandbottom.This
probewasusedinwindtunnelsattemperaturesabovefreezing.A second
probewasconstructedintheformofanairfoilwitha chordlengthof
1/2inchand~mum thickru?ssof5/32inch. Thelengthoftheprobeis
4 inches,andthepickupholeis 0.040inchin disrneterahdis located

. I&inchesfromthetopoftheprobeontheleadingedgetithedrfoil.
2

————— ——— —.—.-



8 NACA‘IN3592 .

Thisprobecontainsa U-shapedchannelthroughwhichtheoilis circu-
lated.A heaterelementconsistingofabout8 inchesofnumber26
ITichromewireis locatedbetweentheoilpassages.Themsximumheatout-
putis apprmimately22watts.Thisprobewasusedinflightinicing
andnonicingconditions.Inicingconditionstheheatervoltagewasad-
justedsothattheprobetempemturewasabout40°F. Schematicdrawings
ofthetwoprobessreyresentedinfigure4. Thepickupprobewa6mounted
ona streamlinedstrutontheairplanesothatthepickupholewouldbe
intheund.isturkedafrstream(fig.3). Thedistancefromfuselageto
pickupholewasabout18inches. $

%
Pickupprobesoftubingsmallerthanl/8-inchoutsidediameterwere

constructedandusedsuccesm. However,somedifficultiesarisewhen
theprobeistoosmallin diameter.Ifthepickupholeislargecompared
totheprobetubing,theedgesoftheholeextendin a cirderential
directionintothelow-pressureregionoftheflow.As a result,oilis
SUCkedOUtthroughthepiCkLlphole.However,if theholeis small.,the
nuniberofdropletsenteringisverylow.

PhotographicCell

Thephotographiccellis composedoftwopiecesoftransparentplas-
ticandis dividedintotwomainparts,theair-separatorchamberandthe
photographicregion.Thecoverplateis attachedtothebodyofthecell
by JMWM= screwsalongthee%es. Thecoverplatecouldbe removedfrcm
thebodysothattheinternalchannelscouldbe cleanedwithoutdisturbing
thefOcus. Thedetailsof constrictionofthecellarepresentedinfig-
ure5. Theoil,water,and* mixtureis conductedfromthepickqppmh
tothecellthroughapprmcimately100inchesofl/16-inch-inside-diameter
coppertubing.Themhdmreentersthecellne= thebottomoftheV-
shapedsir-separatorchsanber(fig.5). Theairbubbles,beingverymuch
lessdensethanthe oil,rapidlyrisetothefreeoilsurfacewherethey
burst. Theairisremovedfromthechamberby theairpump. Inrising
to thetopthebubblesaretumbledby thestepllkeprotuberancessoas
to detachanywaterdropletsthattightbe suspendedattheoil-airinter-
face.Mostofthedroplets,however,becauseoftheiroriginaldirection
ofvelocltyandbecausetheyme slightlydenserthanthecdl,move
straightdownwardtowardsthephotographicregi.an,whichis locatedbelow
theair-separatorchamber.In thephotographicregj.ontheoilandwater
dropletsflowthrougha thinchannelsothatalldr~pletsareconfined*O
thefocalvolumeofthecemera.Thechanneldimensionsinthetestmodel
oftheaeroscopeareO.cK18inchinthedirectionoftheopticalSXL8and
0.1inchatri-@tangles.

The
is.m. In

.

Cam3ra

camerais composedof@ microscopeanda film-transportmechan-
.

thetestmodelthemicroscopewitha 32-millimeterobjectiveand
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a 12.5-powerhyperplaneeyepieceismountedimidea cone-shapedmetal.
housing(fig.2),whichisattachedtothefilmtrans~rtmechanismfrom
a K-24aerialcamera.!Ms combinatimoflensesandothergeometrygives
anover-allmagnificaticmofX45atthefilm. Withthismagnification
theentiredroplet-channelwidth,0.1inch,isphotographed.me camera
isfocusedby slidingtheplasticcellontworodsthatarerigidlyat-
tachedtothecone-shapedmetalhousingofthecamera.Theserodsalso
supportthelightsource.

Thelight
mercurylamp.

Light Source

sourceconsistsofa condensinglensanda high-pressure
Thelampispoweredby a high-voltagepowersupply.The

lightsourceandcondensinglensarearrangedforbrightfieldillumina-
tion,withthelightsourcefocusedontothecentralportionoftheob-
jectivelensofthecamera.Thelightsaurceisoperatedasa flashunit
withthemainpeakofilluminationlastingabout4 microseconds.A flash
isusedinsteadofa shutterbecausethedropletvelocitythroughtheob-
jectfieldis qohighthata shuttercannotstopthedropletmotion.
Dropletsmoveabout-0.7

An aircr@?t-camera
andtoadvancethefilm

micronduringthe4-microsecondflash.

Intervalometer

intervalometerisusedtoflashthelightsource
inthecamera.Theintervalometercanbe setto

takepicturesatmy timeintervalfrom1 to 80seconds.Howeverjthe
minimumtim intervalatwhichpicturescanbe takenis about10 seconds,
asthisisthetimerequiredforthecondenserinthelight-mxzrcepower
supplytorechlmge.

lRLlterandWaterWap

Thefilterandwatertrapconsistsofa chamberofabout2-cubic-inch
capacityfilledwithcotton.Thecottonremovessolidparticlesfromthe
oilsuchas dustandimpedesthemotionofdropletsin a horizontaldirec- .
tionsothattheysettletothebottomofthechamberwheretheyme
trapped.Theeffectivenessofthetrapandfilterwascheckedintunnel
operationoftheaeroscopeby takingpicturesafterthespraywasturned
off.

oilPump

Theoilpumpis a speciallydesignedpositive-displacement,constant-
Volume,low-flow-ratepump,consistingofthreemetsllicbellowsconnected
in serieswithstopcockvalvesbetweenthem.A camandleverarrangement
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changestheinternalvolumeofthebellowsandpositionsthestopcock
vslvesin sucha mannerastoproduceuniformpositiveinflowandout-
flow. Thepumpis designed60thatby changinggearratiabetweenmotor
andpump,flowratesfrom2.08to 12.46cubiccentimeters~r tinute
couldbe obtained.Thevolumeflowrateusedinthetest-modelaeroscope
wa~5.34cubiccentimetersperminute.Thislowflowratewaschosenas
a compromisebetweenthenmiberofdropletsperpicture(eq.(4))andthe
timerequiredtomovetheoilfromthepickupholetotheplasticcell.
Thepumpis drivenby a l/50-horsepower110-volt60-cyclemotor.The
weightofthepumpandmotoris lessthan10Nunds,whichis consider-
ablylessthancommerciallyatilableconstant-volume,tiform-low-flow-
ratepumpsthatme usuallydesignedtodeliverfluidathighpressures.

AlrPump

Theairpumpisa fluid-meteringpumpdesignedtodeliver2 gallons
perhour. Itiseqtippedwitha 24-volt~rect-currentmotor,butin
theaeroscopeitis operatedona variablealternatingcurrentovera
rangefrom6 to 24volts.~ f10WrateOfthis_ iS adjustedEIOthat
enoughairentersthepickupholetopreventoilfromflowingout. Loss
ofoilis detectedby a loweringoftheoillevelin theair-sepsrator
chamiberintheplasticcell.Theairpumpingrate,however,iskepts@-
ficientlylawthatnoviolent-turbulenceis causedintheseparatorcham-
ber. Theairpumpis eihaustedintotheoilreservoir,becauseduring
chargingoftheaeroscopewithailscmeoilflowsthroughthispump.

Theoil
components:
andonep-

oil

usedintheaeroscopis a mixturecomposedofthefollowing
fourpartsof SN3number20motoroil,fourpartsofVarisol,
of10-centistokesiliconeoil. Thismixturehasa fairlylow

viscosity,whichallowstheairbubblesin theseparatorchambertoes-
caperapidly,andhasa densitylessthanthatofwater.

ChargingAeroscopewithOil

Thesystemis chsrgedwithoilby turningthethree-waystopcock
(fig.1) sothattheoilpnnpisconnectedtothereservoiraswellas
tothefilterandtrap.l!-ecau~oftherestrictedchannelthroughthe
plasticcell,mostoftheoilenteringtheoilpumpcomssfromthereser-
voir. Duringthe@ar@ng processtheair-separatorchambermayfillup.
Theexcessoilisthenremovedby theairpump. Whencharginganempty
system,som airmaybe trappedin thefilterandwatertrap.This
trappedaircancausesirbubblestotravelinthereversedirection
throughtheplasticcellwhentheairpress~ is reducedatthedropl.et-
pickuphole,suchasduringascentin anaircraft.Mostofthisaircan
be removed,however,by increasingtheflowcapacityoftheairpumpdur-
ingthechargingprocess.

“

.

,- ‘

—
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EVALUATIONOFASSUMPTIONS

collectionEfficiency

I-1

m I?ossmERRORS

of Pickupliole

Theassumptionthatallthedropletsinthevolumesweptoutby the
projectedareaofthepickupholeentertheholeisnotsttictlytrue.
However,forsmallpickupprobessuchastheonesdescribedherein,the
over-allcollectionefficiencyoftheholeis high.Forexample,the
collectionefficiencyofa O.CMO-inch-diameterholeontheleadingedge
ofa pieceofl/8-inch-outside-diametertubingatanairspeedof 150
rolesperhour,tewra~ of ZOOF,and5000-footPreSSm ~titude
for5-microndropletsisbetween0.78and0.81jfor10-microndroplets,
between0.88and0.91~andfor20-microndroplets,kdmeen0.94and0.97.
Thesevaluesme basedondroplettrajectorydatapresentedinreference
2 forimpingementofdropletsona cylinder.

Thecollectionefficienciesofthepickupholeinthesmallairfoil
probeusedontheflightmodeloftheaeroscopeforthesesameconditions
areapproximately0.82,0.91,and0.96,respectively.Thesevalues=e
basedonunpublisheddatafordropletimpingementona 36-percent-thick
Joukowslsi.titiOil.‘l@vaiuesareapproximatebecausethepickupprobe
isnota trueJoukowdciairfoil,anditis only31-percentthick.Afac-
torthatmayincreasethecollectionefficiencyofthepickupholeover
thatfora cylinikror*rfoilistheslightflowofairintothehole.
Themagnitudeofthiseffectisunknown,however.Withthkcollectionef-
ficienciesofthe~ickupholeknownforvzuiousdropletsizes,thedroplet-
size-distributionpatternobtainedfroma picturecank correctedto give
thetruedropletdistribution.

DropletBreakup

Therearetwopossiblecausesofdropletbreakup:Dropletsmay
stri~theedgeofthepickupholeandbe shatte~d,orthey~ breds
uponpenetratingtheoil-airinterface.Calculationsindicatethatdrop-
letsof cloudsizeat moderateairspeeddonothaveenoughinertiato
travelthroughtheoilandstriketherearsurfaceoftheoilchannel
withenoughforceto causebreakup.

Whathappensto a dropletwhenit strikestheedge“c#thepickup
holeisnotknown.Thissourceofpossibledropletbreakupisnottoo
serious,howewr,sincefora lsrgepickupholecomparedtaclouddrop-
letsizethepercentageoftotalnumberofdroplets.inthepathofthe
holethatenterwithoutstrild.ngtheedgeishigh.Thepercentageof
dropletsthatentera O.040-inch-diameterholewithoutstrildngtheedge

. asa functionof dropletdiameterispresentedinfigure6. Theseper-
centagesarebaseduponstraight-linedroplettrajectoriesinthevolume
sweptoutby thepiCklQhole. Ifdropletsarebroken,thepossibili~
isveryhighthattheportionoftheoriginaldropletne~st thecenter
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ofthepickupholewillenterthehole;and,sincethereisa slightair -
flowintothehole,itis possiblethatsomeoftheremainderwillenter
also.

-.

Iittleisknownaboutdropletbreakupas dropletspenetrateanoil-
airinterface.A studyofwaterdropletspenetratingkeroseneisreported
inreference26. Therangeofdropletdiameterscoveredinthisstudywas
from400to 125microns.Therelationbetweencriticalvelocityofim-
pactanddropletdiameterwasfoundtobe

v _ 1725
cr d

wherethecriticalvelocity
whichdropletsof diameter
theoilmixtureusedinthe

inuters persecondisthevelocityabove
d inmicronsbreakup. H itisassumedthat
test-modelaeroscopeis similartokerosene

(Varisolis a hydrocarbonsimilartokerosene)-andthepreviousrelation
forcriticalimpactvelocityholdstrueforsmallerdroplets,thendrop-
letbreakupfortheaeroscopecanbe expectedto occu fordropletslarg-
erthan27microns.Theimpactvelocitywasbaseduponvelocitiesof
impactata stagnationpointofa cylinderas @ven in reference1 for
a l/8-inchcylindertrave13mgat150udlesperhourata 5@0-footaltit-
ude anda temperatureof ?OOF. Reference26indicatesthatatveloc-
itiesslightlyabovecriticalthedropletsbreakintotwoparts,a com-
parativelylargemassaccompaniedby a verysmallsatellite;asthe
impactvelocityisfurtherincreased,thesatelditebecomeslargerand
largeruntilthetwodropletsarethesamesize.At thispointanother
smallsatelliteappears.Whetherornottheresultsofreference26are
applicabletothep-sentinstrumntisfurthercomplicatedby thefact
thatin theaeroscopethedropletsenterthepickupholewitha small
volumeofair,whereasintheexperimentalinvestigationthedroplets
Penetratedtheoilsurfacedirectly.Thissmallvolumeofairmaypro-
ducea cushioningeffect,whichwouldretarddropletbreakup.

Dropletbreakup,ifpresent,shouldnotappreciablyaffectliquid-
water-contentmeasurements,butwouldaffectthedroplet-distribution
patternsif a Wge numberoflargedropletswerepresentinthecloud.
Liquid-water-contentcalculationscouldbe in errorifthebreakupre-
sultedina largenmberofdropletsthataretoosmalltobe seenon
thephoto~phs. @terminationoferrorsin dropletsizedistribution
andliqtid-watercontentcausedby dropletbreakupis clifficult,because
thereisno goodindependentmethodofmeasuringthesequantities.Er-
rorsduetobreakupshouldnotbe anymoreseriouswiththisinstrument
thanwiththeoiled-;lidetechnique,andtheyareprobablylessserious.

DropletCoalescence

Coalescenceofdropletsin theoilisnotverylikely,becausethe
spaceWtweendropletsis largeccmparedtothedropletsize.wide
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spacingof dropletsisaccomplished-byproperchoiceofoil-flowrate,
sizeofpickup
tlingin still
coalescing.

changeof

hole,andairspeed.Visti obsemationsofdropletss&-
oilshowedthatdropletscouldcomeincontactwithout

DiffusionandEvaporation

size~fdropletsby diffusionandevaporationtiteren-
trainmentin oilispr6bablynegligiblein theaeroscopefortworeasons:
First,theoilinthesystemisprobablysaturatedwithwaterbecauseit
isrecirculatedafterdropletshsvebeenremd by thefilterandt~pj

second,thetimebetweena droplettsenteringtheoilandthetald.ngof
a pictureis lessthana minute.Furthermore,the~ilisenclosedin a
tube,whichprotectsitfroma dryatmospherethatwouldpromoteevapora-
tionsuchasoccursonoiledslidesin a heatedroom.

SampleVolume

Ifthedimensionofthepickupholeisverysmallin thedirection
oftheoilflowandthereisno changeofrelativeyositionofdroplets
aftertheyareentrainedintheoil,thenequation(1)givesthevolume
ofcloudspacethatthedropletsina pictureoccupy.Sincetheareaof
thepickupholeis constantandknown,equation(1)my be reducedto a
samplepathlength2 by dividingbytheareaofthepickuphole. The
resultis

whichgivesforthetest-mdelaeroscopeat anairspeedof150milesper
houra samplepathlengthofabout3.6feet.However,becauseof three
inherentfeaturesoftheaeroacope,thesamplepathlengthis longerthan
thisvalue,andthedropletdistributionobtainedfroma pictureis an
averagevalueoverthislongerpathlength.Thereasonsforthisaverag-
ingprocessare: finitesizeofpickupholein directionofoilflow,
differentsettlingvelocitiesofwaterdroplets,ofdifferentsizesin
oil,andmi~ng ofoilanddropletsin theair-separatorchamber.

Thepickupholeproducesanaversgingeffeetbecausedropletsthat
enterthepickupholenearthedownstreamsided theholeareentrdned
intheoilwithdropletsthatenteredtheholeontheupstreamsidea
shorttimebefore.However,thisaveragingeffectisverysmall.For
thetest-modelaeroscopethesamplepathlengthbecomes4.9feet.

Intheregionfromthepickupholetothesdr-sep-torchpmkerin
thetransparentplasticcell,differentsettlingvelocitiesfordroplets

.



.

14 NACATN 3592
.

ofdifferentsizesarethemajorcauseofchangeofrektivepositionsof
droplets.Forthetest-modelaeroscopetheaveragingeffectproducedby -
thisfactoris somewhatlargerthanthatcausedby thepickuphole.For
example,thesett~ngvelocityof a lCO-ticron-diameterdropletinthe
oilusedis oftheorderof1 inchperudnute.Thevelocityoftheoil,
waterdroplets,andairbubblesisprobably200inchesperminuteormore.
Theabsolutevelocitydependsupontheamountofairentrsd.nedintheoil.
Thevelocityforoilaloneis 107inchesperminute.Thedistancefrom
pickupholeto air-separatorchauiberisabout100inches.Thus,thetime
oftransitofa dropletis approximately30 seconds.Therefore,a 100- $
microndropletwouldarriveattheair-separatorchamber1/2inchahead z
oftheoilthatitenteredatthepickuphole. Inotherwords,itwould
arriveattheair-sepsmtorchamberwithoilthatpassedthepickuphole
0.005minutebeforethedropletentered.Ifa smalldropletenteredthe
oilattimezeroandtraveledwiththeoil,a 100-micron-diameterdroplet
thatentered0.005minutelaterwouldarriveattheair-separator
chamberatthesametime. Iftheairspeedis 150milesperhour,the
originaldistancein thecloudbetweenthelargeandsmalldropletswas
66feet.

Whentheoilcarryingthewaterdropletsandairbubblesentersthe
air-separatorchamber,so~ mt@ng occursthatfurtherincreasesthepath
lengthoverwhichthedropletdistributionis averaged.Ifcompletemix-
ingoccursin theair-separatorchamber,foranypictureWe fractionof
thetotalnumberofdropletsinthepictureP thathavebeeninthe
chambsrfora periodoftime t or lessis givenappradnatel.yby

‘t-—

P= l-e ‘M (8)

Thetotalvolumeoftheair-sepmtorchamberisapproximately0.17cubic
inch. In operation,however,theoillevelisadjustedsoastofill
aboutha~ thisvolume.Visualobservationoftheaeroscopein operation
indicatesthatmostofthemixingoccursinthevolumeofoilbetweenthe
entrancetubeandtheexitat thebottom.Thisvolumeis about0.03cubic
inch. Themixing,however,is notcompleteintkdsregioneither,because
mostofthedropletsareprojectedstrd.ghtdownwardtowardstheexitbe-
causeoftheirinitialvelocityofentranceintothechalikr.Thisdirec-
tionofmotionis alsoaidedby thedifferenceindensityofoiland
water.Thegreatestndxingoccursfortheverysmalldroplets.However,,
if itis assmedthatcompleteting occursin a volumeof0.03cubic
inchandtheoil-flowrateis 0.326cubicinchperminute,t~n equation
(8)beCOmeS

P= l-e -10.8

Thisequationisplottedinfigure7,which
letsin a picturewerein theair-separator

t

showsthat0.95ofthedrop-
chamber0.3

‘less. SomiGofthe droplets,however;maytheoretically”
ofa minuteor
havebeeninthe

.
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chamberforaninfinitelylongtime.
milesperhourgivesa pathlen@hof
dropletsin a picturewerecaptured.

E

Three-tenthsofa nd.nuteat150
3/4milefromwhich0.95ofthe
Thismixingin theair-semrator

chamberproducesaneqonenti~l.yweightedavera&valueovera“much
longersamplepathlengththantheothertwofactorsconsidered;there-
foreit canbe consic@edastheonlyfactor.

Theaveragingdistanceor samplepathlengthcanbemadesmallerby
decreasingthemixingvolumeorincreasingtheoil-flowrate. Dcreas-
ingthemixingvolumeisproballypossible.Theonly13mit4tionisthat “
thevolumebe largeenoughthatairbubblescanescapebeforetheyare
pulledintothephotograp~carea.Increasingtheoil-flowrateispossi-
ble,butas oil-flowrateis increasedthenumberofdropletsperpicture
isreduced.

LimitationsofCamera

Themaguif%cationofthecamerainthetest-model
checkedby photographingfinswiresofknowndiameter.

—

aeroscopewas
Themagnification

wasX45withanerrorofapproximatelyA2.5 percent.Theresolvingpower
andcircleof confusionfortheobjectivelensofthecameraareabout5
microns.Thesevaluesarecalculatedfromtheoryandarebasedona depth
offieldof0.008inch.

Thefocalvolumeoftheaeroscopeis definedby thedimensionsof
thechannelthroughtheplasticcellandthesizeofthepictureinthe
directionof oilflow.Forthetestmodel,thefocalvolumwas88x10-6
cubicincheswitha probableerrorofM percent..

OtherErrors

Othermurcesoferrorthatmayaffectliquid-water-contentmeasure-
mentsarevariationsin oil-flowrate,sizeofpickuphole,andvariations
inairspeedduringsamplingperiod.Inthetestmodeloftheaeroscope,
the~il-flowrateis 0.326cubicinchperminutewitha probablevaria-
tionof*2 percent.Thesizeofthepickupholemaybe slightlylarger
thanthespecified0.040inch,sinceitwasWiled witha O.040-inch
drillandwasnotmeasured.

Over-AllAccuracyofIiquid-Water-Contentl.@asurements

Theover-allaccuracyof liquid-water-contentmeasurementsdeends
7upontheaccuracywithwhichtheseveralparametersofequation(7 can

be determinedormeasumd. Theaccuracyofmostoftheseparametershas
beendiscussedin theprecetingsections.Dsterudnationofthepossible

.—— - . -.——— —.. — —— - —-–——————-
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errorinthetotalwatercontentrepresentedby a picture(1/6.Pw~n,+
ofeq.(7)),however,is difficultbecausethereareseversll.sourcesof
error,someofwhichare: failuretomeasureandcountdroplets,error
inmeasuringdropletdiameters,and@uping ofdropletsizesintoclass
intervalsforsummation.

Failuretomeasurea dropletwillusuallyoccurwithsmslldroplets,
5 micronsor less.Thissourceoferroris nottooseriousif the drop-
letsizedistributionisbroad,witha volume-mediandiameteroftheor-
derof15microns.Errorsinmeastingdropletdiametersmaybe either
randomor systematic,orboth. Systematicerrorsinmeasureddismeters
maybe duetoerrorin determiningtheover-allmagnificationortobias
onthepartoftheanalystin deterud.ningtheedgesofa dropletimage.
A systematicerrorwouldM greatestinpercentforsmalldroplets,but
againtheerrorintotalwaterwouldbe smallifthedropletsizedistri-
butionisbroadwitha fairlylargevolume-mediandiameter.Thema@-
tudeoftheerrorcausedby groupingdropletsizesintoclassintervals
forsummationdependsupontheshapeofthedropletsizedistribution.
‘I’hiserrorcanbe eitherpositiveornegative.

An evaluationoftheprobablerandomerrorin liquid-water-content
measurementwasmadefortypicaldropletsizedistributionsandwasfound
tobe~ percentwitha highestpossiblevalueofprobablerandomerror
of=7 percent.Thesevalueswerebaseduponknownandestimatedprobable
errorsforeachofthevsriousparametersinvolvedin equation(7).

PFKXEDUREFOROBTAININGANDREDUCINGDATATOUSEFULFORM

Liquid-water-contentanddropletsize-distributionmeasurements
madewiththeaeroscopeintheNACALewisicingtunnelandinflight

were
with

a two-enginetransportaircraft.Thein-flightmeasurementsweremadeon
routinecross-countryflights.Theinstrumentwasputintooperationin
clearairanda fewpicturesweretaken.Thesepictureswerelaterused
to determinePrmanentimagesthatmightbe mistakenfordroplets.These
pre-cloudpicturesalsoservedto indicatewhethertherewereanyairbub-
blesbeingpulledthroughthecellintothesxeabeingphotographed.Aft-
er spraysweretuxnedon,orafterentryintoclouds,a seriesof5 to10
pictureswastakenatintervalsof10 seconds.A seriesofpicturesis
hereinafterreferredtoasa “run.” Whilethepictureswerebeingtaken
automatically,theaverageflightspeed,altitude,airtemperature,time,
andothergeneralconditionswererecorded.nunsweremadeintheicing
researchtunnelforvarioussprayconditions.Inflightrunsweremade
whenitwasnotedthatconditionshadchangedorwhenconditionswere
thoughttohavechanged.Thisprocedurewasadoptedin orderto conserve
filmandsti13_obtainrepresentativedRtafromwidelyseparatedpositions
inthecloudandunderdifferentconditions.Theoilflowedcontinuously
betweenruns.
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Afterthefilm
largedprints.The
WaSmadeXIO1.6,SO

wasdeveloped,negativeswereselectedformaid.ngen-
over-allmagnificationoftheenlargedglossyprints
that0.02inchontheprintwasequivalentto 5 mi-

crons.Thedroplet-imagediameterswerem&suredtothenearest0.02inch
fromtheseprintsby meansofa scalewithO.02-inchdivisionsafterthe
permanentimageshadbeenchecked”off. AH.imageslessthan5 microns
were@oupedinthe5-micronclass.Afterthedroplet-distributionpat-
ternfora‘pictmewasestablished,theliquid-watercontentwascalcu-
latedby equation(7). Sometypicaldropletpicturesarepresentedin
figure8.

DROPIEISIZEDISTRIWTIONSANDIZQUD-WATER-CON’ITNT~

IcingTunnel

Dropletsizedistributionsin&e formofcumulativeliquid-water-
contentcurvesforthreesprayconditionsintheicingtunnel=e pre-
sentedinfigure9. Alsopresentedinthefigureme dropletdistribu-
tionsobtsinedby thedye-tracertechniquedescribedinreference24.
Althoughthedropletdistributionsobtainedby thetwomethodsaxefor
thesamesprayconditions(air-waterpressureratios),thereisnotcom-
pleteagreement.Thebestagreementoccursforthe0.6andO.8pressure
ratios.FortheO.8-pressure-ratioconditions,theaeroscopegivesfor
anydropletsize”sld.ghtl.yhighervaluesofcumulativeliquid-watercon-
tentthanthedye-tracertechnique;whereas,fortheO.6-pres6~-~tio
conditions,thereverseistrue.Thegxeatestdisagxeementoccursfor
theO.5-pressure-ratiocondLtion.Forthissprayconditionthecumula-
tiveliquid-watercontentfora givendropletsizeas givenby theaero-
scopeis about0.1grampercubicmeterleskthanthatgivenby thedye-
tracertechnique.Thisdisagreementappe=stobe a resultofthefact
thatthelargedroplets(32to50microns)indicatedby thedye-tracer
techniquewerenotdetectedby theaeroscope.Thedisagreement.between
dropletdistributionobtainedby thetwometho@isprobablyduetothe
differencein sizeofthevolumeofcloudsampled.Theprojectedfron-
talaxeasoftheblotterpaperusedinthedye-tracertechniqueis ex-
tremelylargecomparedtothepickupholein
result,anylocalinhomogeneitiesin droplet
spraycloudwillbe maskedinthedye-tracer
datafroma muchlargervolumeofcloudthan

Thedistributioncurvesoffigure9 are

theaeroscopprobe.As a
sizedistributioninthe
technique,sinceit obtains
theaeroscope.

notetiendedtozerodrop-
letsize,becausebothmethodsareunreliablein thesmall-dropletsize
range.!lhaeroscopeisunreliablefordropletslessthan5 micronsin
diameter,whereastheminimumdropletdiameterforwhichthedye-tracer
techniqueisreliableis oftheorderof10microns.
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In-Flight

Twenty-onedroplet-size-distributionpatternsandliquid-water-
contentdeterudnationsobtainedonthreef13ghtaarepresentedintables
I andII alongwithotherpertinentinformation.TableI givesthe
droplet-size-distributionpatternsintheformoffrequencyofoccurrence
ofdropletsin a givensizerange.Valuesofliquid-watercontent,
volume-uw3iandropletsize,andmediandropletdiameterforthe21drop-
letdistributionsm presentedin tableII. AlsopresentedintableII
aretheflightandmeteorologicsJconditions.Wch dropletsizedistri- $
butionpresentedintableI isbaseduponq singlepicture.Thedata 1-m
presentedintablesI andlZwerenotcorrectedforcollectionefficiency
ofthepickupprobe.An interestingfeatureofthedatapresentedinta-
bleII.istheconsistencyofthemediandropletdiameterforanyparticu-
larday,whiletheliquid-watercontentandvolume-mediandropletdiameter
varyovera fairlytiderange.(Themediantiopletdiameteristhatdiam-
eterforw@ich50percentofthetotalnumberofdropletsarelarger;
whereas,thevolume-mediandropletdiameteristhatforwhich50percent
ofthetotalliquid-watercontentisin Mger droplets.) Thevolume-
mediandropletdiametersforthethreeflightsareinthesamerangeas
previousmess-d values(refs.19to 23). Thevolume-mediandroplet
diameterof37.0ticronsforflight1,run3,picture2,isratherlarge
andistheresultoftwolargedroplets.El-quid-watercontentsand
volume-nMiandropletdiametersforsupercooledclouds(flight3)arein
thesamerangeasvaluesobtainedby rotatingmulticylinders(refs.19to
23). Theliquid-water-contentvaluesmeasuredonOctober27,1954
(flight1)areratherhighcomparedwiththevaluesobtainedontheother
twofHghts,buttheyarenotunreasonable,sincethetemperaturewas8°
to10°C abovefreezing.Theoryindicatesthatthe-mum watercontent
ofa cloudincreaseswithin-creasingtemperature.

Thefree-airtemperatureindicatorwasinoperativeonflight3,so
t~t temperaturevaluesgivenin tableIIforthisflightareapproximate,
astheywerecalculatedfrompickup-pro%etemperatureatthebaseofthe
cloudsafterthede-icingheaterwasturnedoff.

ThedropletdistributionsoftableI arepresentedas dhnensionless “
cumulativevolumedistributionsinfigure10. T& diattributionswemsmade
dimensiodessby ditidingthedropletdiameterby thevolume-mediandiam-
eter,andthecumulativeliquid-watercontentby thetotalliquid-water
content.Alsoshowninfigure10forcomparisonm twohypothetical
dropletdistributionsproposedby Mngmuirinreference1 forusewith
rotatingmulticylinders.Thehypotheticaldistributionsshownsxe“B”and
“E.” MostofthedataforthethreetestflightsfallinI&weenthese
twodistributionsexcepta fewdistribtiionsforfli@t 1 whichweresome-
whatbroader.Thehypotheticalvolum distributionscontaina singlemod-
alvalue,whereassomeoftheflightdatahavemorethanonemodalvalue.

.

—-
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CONCLUDINGREMARKS

Ikterminationofdropletsizeandliquid-watercontentwiththe,aero-
SCOpedescribedhereinis a directprocedure;therefore,dataobtsinedby
it are probablymorereliablethanthoseobttinedby indirectmethodssuch
asrotatingcylinders.Theprobablerandomerrorin liquLd-watercontent
measurementisestimated,tobe~ percent.Theaeroscopeconcentratesthe
dropletsfroma smallvolumeofcloudintoa muchsmallervolumeofoil
to suchanextentthatonepictureusuallycontainsenoughdropletsto
establslsha distribution.13ecauseofmixhg inthe~r-se~tor chamber
theliquid-watercontentanddropletsizedistributionsarrivedatfrm
a singlepictureareaveragevaluesovera samplepathlengthofapprmi.-
matel.y3/4tile.Valuesof11quid-watercontentAnddropletsizeobtained
ontestflightsaresimilartovaluesobtainedby othermethods.Theaero-
flcopemaybe operatedatanyaltitudeandtemperatureandovera large
rangeofairspeeds.

Thetestmodeloftheaeroscopeaccupiesabout6 cubicfeetand
weighsabout100pounds. Thesevaluescouldbe greatlyreducedinfut~
designs,sincelittledttentionwaspdd toweightandvolmueinthede-
Eignofthetestmodel.Thetestmodeloftheaelcoscopeis semiautomatic
inthatpicturesaretakenautomaticallyby theuseofanintervalome~r.
Theaeroscopecouldbemademorefullyautomaticby photographingonthe
samefilmasthedropletsqninstrmentpanelcontsdninga clock,dr-
speedindicator,altimeter,andtemperatureindicator.

IewisFlightPropulsionIaboratmy
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,October24,1955
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